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Abstract 
0LFURURERWVFDQWUDYHOLQEORRGIORZWRWDUJHWVWKDWDUHFXUUHQWO\GLIILFXOWWRUHDFK6WDWLRQDU\FRQWUROLVDSUHUHTXLVLWHDQGUHTXLUHVWKHSUHGLFWLRQRI
PDMRULQIOXHQFLQJIRUFHV'XULQJH[SHULPHQWVDPDJQHWLFF\OLQGULFDOPLFURURERWZDVPRYHGLQDWXEHILOOHGZLWKZDWHURUDJOXFRVHPL[WXUHEORRG
DQDORJFRQWUROOHGE\DQH[WHUQDOHOHFWURPDJQHWLFILHOG7KHH[SHULPHQWDOUHVXOWVVKRZHGWKDWWKHPDJQHWLFILHOGJUDGLHQWQHHGHGWREHLQFUHDVHGDW
WKHKLJKHVWUDWHIRUVPDOOHUPLFURURERWV LQWKHJOXFRVHPL[WXUH$WORZIOXLGIORZYHORFLWLHVDPDJQHWLFJUDGLHQWILHOGRIDSSUR[LPDWHO\±
P7PZDVUHTXLUHGWRRYHUFRPHWKHVWDWLFIULFWLRQIRUFHZKLFKZDVVLJQLILFDQWO\KLJKHUWKDQWKHGUDJIRUFH

7KH$XWKRUV3XEOLVKHGE\(OVHYLHU%9
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKHVFLHQWLILFFRPPLWWHHRI7KH6HFRQG&,53&RQIHUHQFHRQ%LRPDQXIDFWXULQJ
.H\ZRUGVHOHFWURPDJQHWLFPLFURURERWFRQWUROPDJQHWLFPHGLFDOURERWFDUGLRYDVFXODUV\VWHPGUDJIRUFHIULFWLRQIRUFH
1. Introduction 
0HGLFDO PLFURURERWV KDYH PDQ\ SRVVLEOH DGYDQWDJHV LQ
YDULRXV WUHDWPHQWV &RQVHTXHQWO\ QXPHURXV GLIIHUHQW
PLFURURERWV KDYH EHHQ LQYHVWLJDWHG IRU WKH GLYHUVH
HQYLURQPHQWV LQVLGH WKH KXPDQ ERG\ >±@ 7KH PDLQ
DGYDQWDJH RI FDUGLRYDVFXODU PLFURURERWV LV WKH KLJK
DFFHVVLELOLW\ WKDW WKH\ HQDEOH HVSHFLDOO\ LQ DUHDV WKDW DUH
GLIILFXOWWRUHDFKE\WUDGLWLRQDOVXUJLFDOPHWKRGVRUWKDWUHTXLUH
KLJKO\LQYDVLYHPHWKRGV7KHUHIRUHLQUHODWLRQWRWKHWUHDWPHQW
RIFDUGLRYDVFXODUGLVHDVHVDQGGUXJGHOLYHU\WRUHJLRQVWKDWDUH
FKDOOHQJLQJ WR DFFHVV WKH HQKDQFHG DJLOLW\ RI PLFURURERWV
FRPSDUHG WR WUDGLWLRQDOFDWKHWHUVRIIHUVDSURPLVLQJ ILHOG IRU
LPSURYHPHQW )RU H[DPSOH WKH WUHDWPHQW RI FHUHEUDO
DQHXU\VPVFDQUHTXLUHDFFHVVWREORRGYHVVHOVVPDOOHUWKDQ
PP7KHWUHDWPHQWRIDQHXU\VPVLQVPDOOEORRGYHVVHOVLVYHU\
FKDOOHQJLQJ DQG RIWHQ LPSRVVLEOH ZLWK FXUUHQW PHWKRGV ,Q
DGGLWLRQWKHVL]HRIWKHEORRGYHVVHOVOLPLWVWKHDUHDLQZKLFKD
FDWKHWHU FDQ EH DSSOLHG $OWHUQDWLYHO\ D KLJKO\ LQYDVLYH

Nomenclature
P)  PDJQHWLFIRUFH >1@
P)  PDJQHWLFIRUFHWRPRYHURERWDJDLQVWIORZ >1@
P)  PDJQHWLFIRUFHWRPRYHURERWZLWKIORZ >1@
I)  IULFWLRQIRUFH >1@
G)  GUDJIRUFH >1@
IU  IOXLGGHQVLW\ >NJP@
GX  UHODWLYHYHORFLW\PLFURURERWEORRG >PV@
$  IURQWDODUHDRIWKHPLFURURERW >P@
G&  GUDJFRHIILFLHQW >@
9  PDJQHWLFYROXPH >P@
M  PDJQHWL]DWLRQ >$P@
B  PDJQHWLFILHOGJUDGLHQW >7P@
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FUDQLRWRP\PD\EHFKRVHQ7KH UHGXFWLRQRIKLJKO\ LQYDVLYH
SURFHGXUHV LV D PRWLYDWLRQ LQ LQYHVWLJDWLQJ FDUGLRYDVFXODU
PLFURURERWV
+RZHYHU FKDOOHQJHV H[LVW WKDW PXVW EH VROYHG EHIRUH D
FOLQLFDO DSSOLFDWLRQ FDQ EH DQWLFLSDWHG 2QH RI WKH PRVW
VLJQLILFDQWGHVLJQFKDOOHQJHVIRUDFDUGLRYDVFXODUPLFURURERWLV
QDYLJDWLRQ LQ WKH FRPSOH[ FDUGLRYDVFXODU V\VWHP ZKLFK
LQFOXGHV DUHDV ZLWK LQWHQVH SXOVDWLOH IORZ >@+RZHYHU IXOO
FRQWUROODELOLW\PXVWEHHQVXUHGDWDOOWLPHVWRHQDEOHWKHVHFXUH
QDYLJDWLRQ DQG UHWUDFWLRQ RI WKH PLFURURERW ZKLFK DUH
SUHUHTXLVLWHVIRUVXFFHVVIXOWUHDWPHQW
&XUUHQWO\ VSHFLILF SURFHGXUHV XWLOL]H FDWKHWHUV ZLWK D
PDJQHWLF WLS IRU HQKDQFHG QDYLJDWLRQ FDSDELOLWLHV LQFOXGLQJ
DXWRPDWLF DGYDQFHPHQW DQG UHWUDFWLRQ >@ 6RPH UHVHDUFKHUV
KDYHIRFXVHGRQUHODWLYHO\ODUJHURERWVaPPLQOHQJWKDQG
aPPLQGLDPHWHUZLWKDKLJKHUGHJUHHRIFRPSOH[LW\ZKLFK
DFFRPPRGDWHV VSHFLDO WUHDWPHQW WRROV VXFK DV WKRVH IRU
FDUGLRYDVFXODU GLVHDVH >@ >@ 7KHVH ODUJHUPLFURURERWV DUH
HDVLHU WR FRQWURO DQG QDYLJDWH RQ DFFRXQW RI WKH LQFUHDVHG
PDJQHWLF IRUFH WKDW FDQ EH WUDQVPLWWHG +RZHYHU WKH
PLFURURERW GLDPHWHU RI DSSUR[LPDWHO\  PP OLPLWV WKH
DFFHVVLEOH UHJLRQ RI WKH FDUGLRYDVFXODU V\VWHP 2WKHU
UHVHDUFKHUVKDYHIRFXVHGRQPLFURURERWGHVLJQ²IRUH[DPSOH
WKHWUDQVSRUWFDSDELOLW\>@²DQGKDYHVKRZQWKHIHDVLELOLW\RI
FRQWUROOLQJWKHGHVLJQHGPLFURURERWV
$V ZDV GRQH LQ SUHYLRXV UHVHDUFK >@ WKH SUHVHQW VWXG\
HPSOR\HHVIROORZDPRUHVLPSOLVWLFDSSURDFKWRPLFURURERWVWR
DFKLHYH D KLJKHU GHJUHH RI PLQLDWXUL]DWLRQ DV ZHOO DV
FRQWUROODELOLW\ LQ WKH EORRG IORZ (DUO\ QDYLJDWLRQ FRQFHSWV
ZHUHWHVWHGXVLQJDFXERLGPLFURURERWWKDWZDVPPîPP
îPP7KHDLPZDVWRUHGXFHWKHVL]HRIWKHPLFURURERWZKLOH
VWLOOHQDEOLQJQDYLJDWLRQLQWKHLQWULFDWHFDUGLRYDVFXODUQHWZRUN
>@
7KHSURSXOVLRQRIPLFURURERWVE\PDJQHWLFILHOGVRIHLWKHU
WKH URWDWLQJ RU JUDGLHQW W\SH LV D IUHTXHQWO\ XVHG VROXWLRQ
0LFURURERWV ZLWK GLIIHUHQW FKDUDFWHULVWLFV KDYH EHHQ
LQYHVWLJDWHGVXFKDVLQ>±@0RVWUHVHDUFKFRQGXFWHGRQ
QDYLJDWLRQLQEORRGYHVVHOVKDVKDGDWOHDVWRQHRIWKHIROORZLQJ
FKDUDFWHULVWLFVRQHRUWZRGLPHQVLRQDOFRQWUROZLWKDPRYLQJ
PLFURURERWHJ>@>@WKHXVHRIDQ05,DVWKHPDJQHWLF
ILHOGVRXUFH>±@RUQRIOXLGIORZ$OWKRXJKDQ05,LVD
YLDEOHVROXWLRQWKHUHDUHFRQVWUDLQWVRQWKHWLPHUHVROXWLRQDQG
DFFXUDF\ PRUHRYHU FXVWRPL]DWLRQ RI WKH 05, FRQWURO LV
FKDOOHQJLQJ
7KLV VWXG\ WKHUHIRUH IRFXVHV RQ WKH XVH RI VLPSOH
HOHFWURPDJQHWLFFRLOVDQGLQYHVWLJDWHVDPHWKRGIRUKROGLQJD
PLFURURERWDWDIL[HGSRVLWLRQGXULQJFRQVWDQWIOXLGIORZ7KLV
DSSURDFKFDQIDFLOLWDWHPRUHFRPSOH[FRQWURORIWKHPLFURURERW
DQG QDYLJDWLRQ DJDLQVW WKH IORZ 0DLQWDLQLQJ WKH VWDWLRQDU\
SRVLWLRQUHTXLUHVDFRPSOHWHXQGHUVWDQGLQJRIWKHDFWLYHIRUFHV
DV ZHOO DV FORVHG ORRS FRQWURO 7KH PDMRU IRUFHV RQ DQ
LQWUDYDVFXODU PLFURURERW DUH WKH GUDJ IRUFH LQFXUUHG E\ WKH
IOXLGIORZDQGWKHIULFWLRQIRUFHUHVXOWLQJIURPWKHLQWHUDFWLRQ
RI WKH PLFURURERW DQG YDVFXODU PRGHO RU EORRG YHVVHO ZDOO
)LQDOO\ DQ LPSRVHG PDJQHWLF IRUFH LV XVHG WR FRQWURO WKH
PLFURURERW $Q DFFXUDWH HVWLPDWLRQ RI WKH GUDJ IRUFH LV
QHFHVVDU\WRREWDLQDEHWWHUXQGHUVWDQGLQJRIWKHEHKDYLRURID
PLFURURERW LQVLGH WKH EORRG IORZ DQG WR HQDEOH IXOO
FRQWUROODELOLW\)RUWKLVSXUSRVHWKHGUDJIRUFHZDVDQDO\]HG
XVLQJ WKH WKHRULHV SUHVHQWHG LQ SUHYLRXV ZRUN >@ $ EDVLF
WKHRUHWLFDO VXPPDU\ LV JLYHQ LQ WKLV SDSHU 6XEVHTXHQWO\
H[SHULPHQWDO UHVXOWV IURPPHDVXUHPHQWVRI WKH IRUFHVRQ WKH
PLFURURERW DWGLIIHUHQW IOXLG IORZYHORFLWLHV DUHFRPSDUHG WR
WKH WKHRUHWLFDO UHVXOWV )LQDOO\ D SUHYLHZ RI IXWXUH ZRUN LV
SURYLGHG

2. Method to measure and compare forces on an
intravascular microrobot 
$KRUL]RQWDOSRVLWLRQZDVVHOHFWHGIRUWKHYDVFXODUPRGHOWR
PLQLPL]H WKH FORVHG ORRS FRQWURO DQG WUDFNLQJ V\VWHP
UHTXLUHPHQWVIRUGHWHUPLQLQJWKHGUDJIRUFHRQWKHPLFURURERW
2ZLQJ WR WKHKLJKHUGHQVLW\RIQHRG\PLXP²WKHPLFURURERW
PDWHULDO²FRPSDUHGWRZDWHUWKHPLFURURERWZDVSXOOHGWRWKH
ERWWRP E\ JUDYLWDWLRQDO IRUFH 7KXV WKH PLFURURERW ZDV LQ
FRQWDFW ZLWK WKH LQQHU ZDOO RI WKH YDVFXODU SKDQWRP ZKLFK
UHVXOWHGLQDVLJQLILFDQWIULFWLRQIRUFH7KLVIULFWLRQIRUFHKDGWR
EH FRQVLGHUHG ZKHQ GHWHUPLQLQJ WKH GUDJ IRUFH RQ WKH
PLFURURERW
:KHQ WKH PLFURURERW ZDV PRYHG IURP D UHVWLQJ SRVLWLRQ
DOLJQHGZLWKDQGDJDLQVWWKHIOXLGIORZGLUHFWLRQVKRZQLQ)LJ
 WKH GUDJ IRUFH DQG IULFWLRQ IRUFH FRXOG EH VHSDUDWHO\
LGHQWLILHG7KHPDJQHWLF IRUFH WKDWZDVUHTXLUHGWRPRYHWKH
PLFURURERW ZDV HTXLYDOHQW WR WKH IULFWLRQ IRUFH EHWZHHQ WKH
PLFURURERWDQGYDVFXODUPRGHOZLWKQRIOXLGIORZ,QWKHFDVH
RI WKH PRYLQJ IOXLG WKH IULFWLRQ DQG GUDJ IRUFH FRXOG EH
FDOFXODWHG XVLQJ  IRU PRYHPHQW DJDLQVW WKH IOXLG IORZ
GLUHFWLRQDQGXVLQJIRUPRYHPHQWLQWKHIOXLGIORZGLUHFWLRQ

GIP )))       
GIP )))       

)LJ0RYHPHQWRIWKHPLFURURERWDJDLQVWOHIWDQGZLWKWKHIORZ
GLUHWLRQULJWKGXHWRDQH[WHUQDOPDJQHWLFILHOGZLWKRXWIORZWRSZLWK
VORZIOXLGIORZPLGGOHDQGZLWKVWURQJIOXLGIORZERWWRP
Magnetic force Fluid flowDrag forceFriction force
microrobot
drag force
friction force
magnetic force
fluid flow
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
7KHGUDJIRUFHVFDOFXODWHGZLWKDQGZHUHFRPSDUHG
WRWKHGUDJIRUFHWKDWZDVWKHRUHWLFDOO\DQDO\]HGXVLQJWKHRULHV
SUHYLRXVO\SUHVHQWHG LQ >@ ,Q WKDWZRUNFDOFXODWLRQVZHUH
SUHVHQWHG LQ WHUPV RI WKH VL]HV RI WKH PLFURURERWV DQG
FRUUHVSRQGLQJPDJQHWLFILHOGJUDGLHQWUHTXLUHPHQWVWRFRQWURO
WKHPLFURURERWVLQDEORRGIORZ7KHVHFDOFXODWLRQVZHUHEDVHG
RQ  IRU WKH GUDJ IRUFH >@ DQG GHULYHG IURP  IRU WKH
PDJQHWLFIRUFH
GGIG $&X)


 U     
 BMF  9P     

3. Measurement of drag and friction forces on an 
intravascular microrobot 
7KH H[SHULPHQW IRU PHDVXULQJ WKH GUDJ IRUFH RQ WKH
PLFURURERWXVHGRQH+HOPKROW]FRLOSDLUDQGRQH0D[ZHOOFRLO
SDLU%RWKZHUHFXVWRPPDGHDQGDUHVKRZQLQ)LJZLWKWKH
FRPSOHWH H[SHULPHQWDO VHWXS 7KH FRLOV ZHUH FRQQHFWHG
WKURXJKDPSOLILHUV 4'&6HUYR&RQWURO/6& WR WKH
3&,FDUGRID3&UXQQLQJDUHDOWLPHFDSDEOHYHUVLRQRI/LQX[
7KHPLFURURERWZDVSODFHGLQVLGHWKHYDVFXODUPRGHOZKLFK
ZDVDWUDQVSDUHQWSODVWLFWXEH7\JRQ5ZLWKDQLQQHU
GLDPHWHURIPP7KLVWXEHZDVILOOHGZLWKZDWHURUDJOXFRVH
PL[WXUHZKLFKKDGDYLVFRVLW\RI͵Ǥͷ ή ͳͲିଷܲܽ ή ݏDVDEORRG
DQDORJ7KHWXEHZDVIL[HGEHWZHHQWKHWZRFRLOSDLUV,QFDVH
LW ZDV UHTXLUHG IRU WKH H[SHULPHQW D SHULVWDOWLF SXPS 1(
1HZ(UD3XPS6\VWHPV,QFPRYHGWKHIOXLGZLWKWKH
GHVLUHGYHORFLW\ WKURXJK WKHYDVFXODUPRGHO7KHSRVLWLRQRI
WKHPLFURURERWZDV WUDFNHG E\ D FDPHUD DQG D SURSRUWLRQDO
FRQWURODOJRULWKPHQVXUHGWKDWWKHPLFURURERWVWD\HGZLWKLQWKH
ILHOGRIYLVLRQ
$ FRQVWDQW FXUUHQW ZDV DSSOLHG WR WKH +HOPKROW] FRLOV WR
HQVXUHWKHDOLJQPHQWRIWKHPLFURURERWLQWKHGLUHFWLRQRIWKH
PDJQHWLF ILHOG YHFWRUV 7KH GHVLUHG FXUUHQW IRU WKH0D[ZHOO
FRLOV SURYLGHG E\ WKH SURSRUWLRQDO FRQWURO DOJRULWKP ZDV
LQFUHDVHG LQ D VWHSZLVH PDQQHU 7KH VWHSZLVH LQFUHDVLQJ
FXUUHQWUHVXOWHGLQDVWHSZLVHLQFUHDVLQJPDJQHWLFIRUFHRQWKH
PLFURURERWXQWLOWKHPLFURURERWPRYHG$IWHUPRYHPHQWZDV
GHWHFWHG EDVHG RQ D FKDQJH LQ WKH PLFURURERW¶V SRVLWLRQ RI
PRUH WKDQ  PP WKH FXUUHQW WR WKH 0D[ZHOO FRLOV ZDV
UHJLVWHUHG $IWHUZDUG WKH FRQWUROOHU UHGXFHG WKH FXUUHQW
DSSOLHGWRWKH0D[ZHOOFRLOVEDFNWRWKHQRPLQDOOHYHOJLYHQ
E\WKHSURSRUWLRQDOFRQWURODOJRULWKP5RXJKO\GDWDSRLQWV
ZHUHJDWKHUHGIRUHDFKSXPSVSHHGDQGPRYHPHQWGLUHFWLRQ
7KHH[DFWQXPEHUVRIGDWDSRLQWV IRUF\OLQGULFDOPLFURURERWV
ZLWKDPPGLDPHWHUDQGDOHQJWKRIPPORQJRUPP
VKRUWDUHVKRZQLQ7DEOH




7DEOH1XPEHURIGDWDSRLQWVIRUF\OLQGULFDOPLFURURERWVDWGLIIHUHQWIOXLG
YHORFLWLHV
9HORFLW\
ZDWHU
>PV@
     
6KDSH ±
'LUHFWLRQ
1XPEHU RI GDWD
SRLQWV
/RQJ±ZLWK
IORZ      
/RQJ ±
DJDLQVW
IORZ
     
6KRUW ±
ZLWKIORZ      
6KRUW ±
DJDLQVW
IORZ
     

7KHFXUUHQWUHJLVWHUHGZKHQWKHPLFURURERWEHJDQPRYLQJ
ZDV FRQYHUWHG LQWR WKHPDJQHWLF IRUFH RQ WKHPLFURURERW RU
HTXLYDOHQW PDJQHWLF ILHOG JUDGLHQW WR DFFRXQW IRU GLIIHUHQW
PLFURURERWPDJQHWL]DWLRQV VKDSHV DQGVL]HV7KHPDJQHWLF
IRUFHGHULYHGIURPWKHPHDVXUHGFXUUHQWZDVHTXLYDOHQW WRD
PL[WXUHRIWKHIULFWLRQIRUFHDQGGUDJIRUFHDVVKRZQLQDQG

7KH H[SHULPHQWV ZHUH FRQGXFWHG IRU VL[ GLIIHUHQW IOXLG
YHORFLWLHV DQG WZR GLIIHUHQW IOXLGV 7DEOH  VXPPDUL]HV WKH
GHYLDWLRQVEHWZHHQ WKH IOXLGYHORFLWLHVXVLQJ WKH VDPHSXPS
VHWWLQJV,QWKHH[SHULPHQWDOUHVXOWVWKHGLVFUHSDQF\EHWZHHQ
WKHYHORFLWLHV IRUZDWHU DQG WKHJOXFRVHPL[WXUH DW WKH VDPH
SXPS VHWWLQJZDV UHPRYHG WKURXJK OLQHDU LQWHUSRODWLRQ7KH
PDJQHWLF IRUFHV WKDWZHUH UHTXLUHG WRPRYH WKHPLFURURERWV
ZHUHPHDVXUHGIRUERWKIOXLGVDQGFRPSDUHG




)LJ([SHULPHQWDOVHWXSZLWKLQVHUWVKRZLQJWKHZRUNLQJDUHDRIWKH
FRLOV\VWHP
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7DEOH3XPSLQGLFDWLRQDQGFRUUHVSRQGLQJIOXLGIORZYHORFLWLHV
3XPSLQGLFDWLRQ 9HORFLW\ZDWHU>PV@
9HORFLW\
JOXFRVHPL[WXUH>PV@
  
  
  
  
  
  

4. Results of drag and friction force measurement 
7KHUHVXOWVRI WKHFRPSDULVRQRI WKH WKHRUHWLFDOFDOFXODWHG
YDOXHV IRU WKH GUDJ IRUFH >@ DQG WKH H[SHULPHQWDO
PHDVXUHPHQWV DUH VKRZQ LQ )LJV  DQG  IRU D F\OLQGULFDO
PLFURURERWZLWKDPPGLDPHWHUDQGPPOHQJWKPP
OHQJWKIRU)LJ7KHWKHRUHWLFDOGUDJIRUFHVIRUERWKF\OLQGHUV
ZHUH HTXDO EHFDXVH  LV D VLPSOLILHG HTXDWLRQ WKDW RQO\
GHSHQGVRQWKHIURQWDODUHDDQGQRWWKHOHQJWKRIDQREMHFW,Q
WKHFDVHRIQRIOXLGIORZWKHGUDJIRUFHZRXOGWKHRUHWLFDOO\EH
]HUR 2Q DFFRXQW RI H[SHULPHQWDO LQDFFXUDFLHV ZKLFK DUH
GHWDLOHGLQ6HFWLRQ WKHH[SHULPHQWDOUHVXOWVVKRZHGDGUDJ
IRUFHWKDWZDVQRWHTXDOWR]HURHYHQZLWKRXWIOXLGIORZHJ
 1 IRU WKH ORQJ F\OLQGHU )LJ  7KXV WKH RULJLQDO
H[SHULPHQWDO UHVXOWV DUH VKRZQ LQ )LJV  DQG  DV DUH WKH
DGMXVWHG UHVXOWV ZKLFK FRPSHQVDWHG IRU SRVVLEOH FRQVWDQW
PHDVXUHPHQW HUURUV $OO UHVXOWV DUH VKRZQ ZLWK WKHLU
FRUUHVSRQGLQJOLQHDUWUHQGOLQHV7KHVLPSOLILFDWLRQWRDOLQHDU
WUHQGOLQHZDVSHUIRUPHGEHFDXVHRQO\DOLPLWHGUDQJHRIIOXLG
YHORFLWLHV ZDV LQYHVWLJDWHG ZKLFK PDGH WKH UHVXOWLQJ
LQDFFXUDF\QHJOLJLEOH
7KH WKHRUHWLFDO DQG DGMXVWHG H[SHULPHQWDO UHVXOWV KDG
PDWFKLQJWHQGHQFLHVIRUWKHORQJPPDQGVKRUWPP
PLFURURERWV7KHUHZHUHLGHQWLILDEOHGHYLDWLRQVHVSHFLDOO\IRU
WKHPHDVXUHPHQWVRIWKHORQJF\OLQGHUDWPV1DQG
PV  1 7KH DYHUDJH GHYLDWLRQ RI WKH WKHRUHWLFDO
FDOFXODWHGIRUFHVIURPWKHDGMXVWHGUHVXOWVZDV1ZKHUHDV
WKDWIURPWKHXQDGMXVWHGUHVXOWVZDV1
,Q)LJVDQGLQVWHDGRIWKHGUDJDQGIULFWLRQIRUFHVWKH
UHTXLUHGPDJQHWLFILHOGJUDGLHQWHTXLYDOHQWLVVKRZQEHFDXVHLW
LVPRUHSUDFWLFDOIRUWKHFRQWURORIWKHPLFURURERW,QWKHFDVH
RIWKHPLFURURERWVWKDWZHUHXVHGWKHIRUFHFRXOGEHFDOFXODWHG
E\PXOWLSO\LQJE\î1P7IRUWKHORQJF\OLQGHUDQG
î1P7IRUWKHVKRUWF\OLQGHUEHFDXVHLWKDGKDOIWKH
OHQJWKRIWKHORQJF\OLQGHU
$GGLWLRQDO H[SHULPHQWV XVLQJ WKH JOXFRVH PL[WXUH DV WKH
IOXLGZHUHSHUIRUPHGDQGWKHUHVXOWVZHUHFRPSDUHGWRWKRVH
ZLWKZDWHU7KHKLJKHUJUDGLHQWVRIWKHGUDJIRUFHHTXLYDOHQW
WUHQGOLQHV IRU WKH VKRUW DQG ORQJ F\OLQGHUV LQ WKH JOXFRVH
PL[WXUHFRPSDUHGWRWKHUHVXOWVRIWKHH[SHULPHQWZLWKZDWHU
ZHUHDUHVXOWRIWKHKLJKHUYLVFRVLW\RIWKHJOXFRVHPL[WXUH)LJ
7KHJOXFRVHPL[WXUHYLVFRVLW\ZDVVLPLODUWRWKDWRIEORRG
)XUWKHU WKH GUDJ IRUFH HTXLYDOHQW WUHQGOLQHV IRU WKH VKRUW
F\OLQGHUKDGDKLJKHUJUDGLHQWWKDQWKRVHIRUWKHORQJF\OLQGHU
7KHLQFUHDVHGJUDGLHQWZDVGXHWRWKHGHFUHDVHGPDJQHWLFIRUFH
RQ WKH VKRUW F\OLQGHU EHFDXVH LW RQO\ FRQWDLQHG KDOI WKH
PDJQHWLF PDWHULDO DQG WKH WUDQVPLWWHG PDJQHWLF IRUFH ZDV
SURSRUWLRQDOWRWKHPDJQHWLFPDWHULDODVVKRZQLQ
$V VKRZQ LQ )LJ  DOO WKH PLFURURERWV H[SHULHQFHG D
VLJQLILFDQWIULFWLRQIRUFHHTXLYDOHQWWR±P7PIRUORZ
IOXLG YHORFLWLHV 7KH IULFWLRQ IRUFH GHFUHDVHGZLWK LQFUHDVLQJ
IORZYHORFLW\7KLVZDV OLNHO\DUHVXOWRIWKHOLIWIRUFHGXHWR
WKHSUHVVXUHGLIIHUHQFHLQWKHPLGGOHRIWKHWXEHFRPSDUHGWR
WKHSUHVVXUHFORVHWRWKHZDOOUHVXOWLQJIURPWKHIORZSURILOHLQ
WKHWXEH7KHOLIWIRUFHSRVVLEO\UHGXFHGWKHZHLJKWRQWKHLQQHU
WXEHZDOODQGWKXVUHGXFHGWKHUHVXOWLQJIULFWLRQIRUFH
7KH HUURU EDUV IRU WKH VKRUW DQG ORQJ F\OLQGHUV LQ ZDWHU
VKRZQ LQ)LJVDQGGLVSOD\ WKH VWDQGDUGGHYLDWLRQRI WKH
PHDVXUHGPDJQHWLFILHOGJUDGLHQW7KHHUURUEDUVDUHHTXDO LQ
ERWK JUDSKV ZKLFK LOOXVWUDWHV WKH KLJKHU SUREDELOLW\ RI
SHUFHQWDJHZLVH VLJQLILFDQW HUURUV IRU WKH GUDJ IRUFH DV WKH
IULFWLRQIRUFHLQFUHDVHGHVSHFLDOO\IRUORZIOXLGYHORFLWLHV

)LJ5HVXOWVRIH[SHULPHQWDOPHDVXUHPHQWYHUVXVWKHRUHWLFDOFDOFXODWLRQ
RIWKHGUDJIRUFHZLWKDORQJF\OLQGULFDOPDJQHWLQZDWHU

)LJ5HVXOWVRIH[SHULPHQWDOPHDVXUHPHQWYHUVXVWKHRUHWLFDOFDOFXODWLRQ
RIWKHGUDJIRUFHZLWKDVKRUWF\OLQGULFDOPDJQHW
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5. Discussion 
7KH GLIIHUHQFHV EHWZHHQ WKH DGMXVWHG DQG PHDVXUHG
H[SHULPHQWDOGUDJIRUFHLQ)LJVDQGDUHDSSUR[LPDWHO\
P7P 7KHVH YDOXHV JHQHUDOO\ DJUHH ZLWK WKHRUHWLFDOO\
FDOFXODWHGYDOXHV+RZHYHUSHUFHQWDJHZLVHPLQRUFKDQJHVLQ
WKHPHDVXUHGPDJQHWLFIRUFHVIURPZKLFKWKHIULFWLRQDQGGUDJ
IRUFHVDUHFDOFXODWHGFDQOHDGWRVLJQLILFDQWYDULDWLRQVLQWKH
GUDJIRUFH7KHPHDVXUHGPDJQHWLFIRUFHKDGDKLJKYDULDQFH
ZLWKVWDQGDUGGHYLDWLRQVRQWKHRUGHURI±P7P)XUWKHU
FKDQJHVLQWKHIULFWLRQIRUFHFRXOGOHDGWRVLJQLILFDQWYDULDWLRQV
LQ WKH FDOFXODWHG GUDJ IRUFH EHFDXVH WKH IULFWLRQ IRUFH ZDV
FRQVLGHUDEO\ODUJHUIRUORZIOXLGIORZUDWHVVHH)LJDQG)LJ
7KHYDULDWLRQVLQWKHIULFWLRQIRUFHFRXOGKDYHUHVXOWHGIURP
VOLJKWO\GLIIHUHQWVXUIDFHFRQGLWLRQVDWGLIIHUHQWSRVLWLRQVLQWKH
WXEHRUDPDUJLQDOO\GLIIHUHQWRULHQWDWLRQRIWKHPLFURURERW,Q
WKHFDVHRIWKHIOXLGIORZDYDULDWLRQLQWKHIOXLGYHORFLW\HJ
IURP WKH SHULVWDOWLF SXPS FRXOG LQWURGXFH LQDFFXUDFLHV
'LVFUHSDQFLHV EHWZHHQ WKH DFWXDO DQG FDOFXODWHG PDJQHWLF
ILHOGVGXH WR WKHSRVLWLRQRI WKH URERW FXUUHQWDSSOLHG WR WKH
FRLOVDQGWHPSHUDWXUHRIWKHFRLOVLQWURGXFHGDQRWKHUSRWHQWLDO
VRXUFHRILQDFFXUDFLHV
7KH HYLGHQW XQFHUWDLQW\ LQ WKH SUHGLFWLRQ RI WKH GUDJ DQG
IULFWLRQIRUFHVDOORZHGWKHFRQWURORIWKHPLFURURERWEXWPDGH
LWFKDOOHQJLQJWRFRQWUROLWZLWKKLJKDFFXUDF\
6. Conclusion and future work 
7KHIULFWLRQIRUFHZDVPRUHVLJQLILFDQWWKDQWKHGUDJIRUFH
HVSHFLDOO\ IRU ORZ IOXLGIORZ YHORFLWLHV 7KH FRQWURO RI WKH
PLFURURERW DQG PHDVXUHPHQW RI WKH GUDJ IRUFH ZHUH KLJKO\
GHSHQGHQW RQ WKH IULFWLRQ IRUFH :LWK WKH GUDJ IRUFH DW WKH
H[SHFWHGPDJQLWXGH DQGZLWK D IULFWLRQ IRUFHPHDVXUHPHQW
WKH EDVLF FRQWURO RI D PLFURURERW LQ D YDVFXODU SKDQWRP LV
SRVVLEOH2ZLQJWRWKHYDULDQFHRIWKHIULFWLRQIRUFHDFFXUDWH
FRQWUROZKLFKLVQHFHVVDU\LQQDYLJDWLQJWRDQDQHXU\VPLQD
'YDVFXODUPRGHO UHPDLQVGLIILFXOW WRDFKLHYH)XUWKHU WKH
YDULDQFH LQ WKH PHDVXUHG IRUFH LQFUHDVHV WKH FKDOOHQJH RI
FRQWUROOLQJ WKH PLFURURERW DW KLJK GLIIHUHQWLDO YHORFLWLHV
EHWZHHQWKHPLFURURERWDQGIOXLG
7KHIULFWLRQIRUFHEHWZHHQWKHPLFURURERWDQGSODVWLFWXEH
RUEORRGYHVVHOZDOOPXVWEH IXUWKHUDQDO\]HG2QRQHKDQG
YHVVHOZDOOVDUHYHU\IUDJLOHDQGVKRXOGKDYHQRXQQHFHVVDU\
LQWHUDFWLRQZLWK WKHPLFURURERW7KHQHHG WRDYRLG WKHEORRG
YHVVHOZDOOPD\QHFHVVLWDWHWKHFRQVWDQWFRXQWHUDFWLRQRIWKH
JUDYLWDWLRQDO IRUFH WR HQDEOH D SUDFWLFDO DSSOLFDWLRQ RI
PLFURURERWV2QWKHRWKHUKDQGDFDUHIXOLQWHUDFWLRQZLWKWKH
SODVWLF WXEHRUEORRGYHVVHOZDOO FDQVLJQLILFDQWO\UHGXFH WKH
QHFHVVDU\ PDJQHWLF ILHOG JUDGLHQW IRU SXOVDWLOH IORZV GXULQJ
SHDNIORZYHORFLWLHV)XUWKHUWKHIULFWLRQIRUFHLQDSODVWLFWXEH
PXVWEHFRPSDUHGWRWKHIULFWLRQIRUFHLQDEORRGYHVVHO
$V D QH[W VWHS WKH IULFWLRQ IRUFH ZLOO EH UHGXFHG RU
HOLPLQDWHGWRLQFUHDVHWKHDFFXUDF\ZKHQPHDVXULQJWKHGUDJ
IRUFH2QHRSWLRQLVWRYHUWLFDOO\DOLJQWKHWXEHDQGFRQWUROWKH
PLFURURERW RQ D YHUWLFDO D[LV ZKLFK ZRXOG LQFOXGH WKH
FKDOOHQJHRIFRXQWHUDFWLQJWKHJUDYLWDWLRQDOIRUFH7KHYHUWLFDO
FRQWUROZLOOHQDEOHDPRUHDFFXUDWHPHDVXUHPHQWRIWKHGUDJ
IRUFHEXWZLOOUHTXLUHDIDVWHUWUDFNLQJRIWKHPLFURURERW
7KHH[WHQVLRQRIWKHRQHGLPHQVLRQDOFRQWUROPHFKDQLVPWR
WZRRUWKUHHGLPHQVLRQVZLOOIROORZLQWKHIXWXUH$UHGXFWLRQ
LQWKHVL]HRIWKHXVHGFRLOVFRPSDUHGWRWKHZRUNLQJDUHD LV
GHVLUHG WR LQFUHDVH WKH IHDVLELOLW\ RI D ODUJHU ZRUNLQJ DUHD
EHWZHHQ WKH FRLOV DV GLVFXVVHG LQ >@ ,Q DGGLWLRQ WKH
FRPSOH[LWLHVRI WKH KHPRG\QDPLFVPXVW EH FRQVLGHUHG >@
)XUWKHUPRUH DJJOXWLQDWLRQ GXH WR WKH SUHVHQFH RI D IRUHLJQ
REMHFWLQFOXGLQJFRPSOHWHEORFNDJH²VXFKDVLQWKHFDVHRID
ORVVRIFRQWURO²PXVWEHSUHYHQWHG

)LJ'UDJIRUFHHTXLYDOHQWH[SHULPHQWDOUHVXOWVIRUORQJDQGVKRUW
F\OLQGHULQZDWHUDQGJOXFRVHPL[WXUH

)LJ)ULFWLRQIRUFHHTXLYDOHQWH[SHULPHQWDOUHVXOWVIRUORQJDQGVKRUW
F\OLQGHULQZDWHUDQGJOXFRVHPL[WXUH
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